Linolenic acid is a polyunsaturated fatty acid present in plant lipids, which plays key roles in plant metabolism as a structural component of storage and membrane lipids, and as a precursor of signaling molecules. The synthesis of linolenic acid is catalyzed by two different o-3 fatty acid desaturases, which correspond to microsomal-(FAD3) and chloroplast-(FAD7 and FAD8) localized enzymes. We have investigated the specific contribution of each enzyme to the linolenic acid content in olive fruit. With that aim, we isolated two different cDNA clones encoding two o-3 fatty acid desaturases from olive (Olea europaea cv. Picual). Sequence analysis indicates that they code for microsomal (OepFAD3B) and chloroplast (OepFAD7-2) o-3 fatty acid desaturase enzymes, different from the previously characterized OekFAD3A and OekFAD7-1 genes. Functional expression in yeast of the corresponding OepFAD3A and OepFAD3B cDNAs confirmed that they encode microsomal o-3 fatty acid desaturases. The linolenic acid content and transcript levels of olive FAD3 and FAD7 genes were measured in different tissues of Picual and Arbequina cultivars, including mesocarp and seed during development and ripening of olive fruit. Gene expression and lipid analysis indicate that FAD3A is the gene mainly responsible for the linolenic acid present in the seed, while FAD7-1 and FAD7-2 contribute mostly to the linolenic acid present in the mesocarp and, therefore, in the olive oil. These results also indicate the relevance of lipid trafficking between the endoplasmic reticulum and chloroplast in determining the linolenic acid content of membrane and storage lipids in oilaccumulating photosynthetic tissues.
Introduction
Linolenic acid (18:3) is a polyunsaturated fatty acid present in plant lipids, which plays key roles in plant metabolism as a storage compound in the form of triacylglycerols (TAGs), as a structural component of membrane lipids and as a precursor of signaling molecules involved in plant development and stress response (Ohlrogge and Browse 1995, Weber 2002) .
In higher plants, fatty acids are synthesized de novo in the stroma of plastids through a complex series of condensation reactions to produce both C16 and C18 fatty acids (Harwood 2005 ). These fatty acids are then incorporated into the two glycerolipid biosynthetic pathways that exist in plants. In '18:3 plants', such as olive, phosphatidylglycerol is the only glycerolipid specifically synthesized in the chloroplast by the prokaryotic pathway. In addition, the eukaryotic pathway synthesizes phospholipids in the endoplasmic reticulum (ER) while monogalactosyldiacylglycerol (MGDG), digalactosyldiacylglycerol (DGDG) and sulfoquinovosyldiacylglycerol (SQDG) are formed in the plastid, derived from diacylglycerol (DAG) moieties synthesized in the ER (Browse and Somerville 1991) . Storage lipids such as TAG are also formed in the ER in oil-accumulating tissues. In both glycerolipid pathways, desaturation of fatty acids is performed by a series of integral membrane enzymes called fatty acid desaturases.
In particular, the synthesis of linolenic acid is catalyzed by two different o-3 fatty acid desaturases. The microsomal o-3 fatty acid desaturase (FAD3) is located in the ER and uses phospholipids as acyl substrates, and NADH, NADHcytochrome b 5 reductase and Cyt b 5 as electron donors. On the other hand, the plastidial o-3 fatty acid desaturases (FAD7 and FAD8) are located in the plastids and use primarily glycolipids as acyl carriers and NAD(P)H, ferredoxin-NAD(P) reductase and ferredoxin as electron donors (Shanklin and Cahoon 1998) . Specifically, the FAD8 gene encodes a plastidial o-3 fatty acid desaturase that is cold-inducible in Arabidopsis (Gibson et al. 1994) . In a number of oilseeds such as soybean or flax, several FAD3 isoforms have been identified (Bilyeu et al. 2003 , Vrinten et al. 2005 . In contrasrt, only recently two different plastidial o-3 fatty acid desaturase genes (GmFAD7-1 and GmFAD7-2) have been reported in soybean (Andreu et al. 2010) , being the only case in which isoforms have been identified for an FAD7 protein.
Unlike oilseeds, information about the regulation of fatty acid desaturation in oil fruits is scarce. Olive is a diploid (2n = 46), predominantly allogamous, vegetatively propagated species, with an estimated genome size of 2,200 Mb (Muñoz-Mérida et al. 2013) . In olive fruit, oil accumulation takes place in two differentiated tissues: the fleshy mesocarp, with a major contribution to the final composition of the olive oil, and the seed, which is enclosed by a woody endocarp. Olive fruit mesocarp represents an alternative model to oilseeds to study fatty acid and lipid metabolism, since it possesses the remarkable characteristic of having a high TAG content together with active chloroplasts (Sánchez 1994) . Moreover, because the olive mesocarp is photosynthetic, it contains membranes which are highly unsaturated.
Olive oil is one of the world's major edible oils, and its exceptional nutritional, organoleptic and technological properties are due to its well-balanced fatty acid composition, as well as the presence of minor components, such as antioxidants and vitamins (Aparicio and Harwood 2013) . According to the European Commission Regulation (2003) , oleic acid is the major fatty acid in olive oil (55-83%), while linoleic acid accounts for 4-21% and linolenic acid for <1%. It is particularly relevant that, unlike most oils from seed crops, the linolenic acid content in virgin olive oil is so low. The polyunsaturated fatty acids have an important effect on the quality of virgin olive oil. In particular, the linolenic acid content participates in the proportion of o6/o3 fatty acids, which has been reported to be very important in terms of nutritional characteristics of edible oils. In addition, it has been demonstrated that linolenic acid, although present at low levels, is essential for aroma biogenesis during the milling and malaxation processes to obtain virgin olive oil (Olías et al. 1993) .
To date, single FAD3 (Banilas et al. 2007 ) and FAD7 (Poghosyan et al. 1999 , Sabetta et al. 2013 ) genes encoding o-3 fatty acid desaturases have been isolated and characterized in olive. In contrast to oilseeds, where FAD3 genes are the main genes responsible for the linolenic acid content of TAG, previous data from our group (Hernández et al. 2008) and from other authors (Poghosyan et al. 1999 , Banilas et al. 2007 , Matteucci et al. 2011 suggest that in olive fruit mesocarp FAD7 could be involved in the synthesis of the linolenic acid present in TAG. However, a comprehensive characterization of the o-3 fatty acid desaturase gene family in olive, together with the determination of the linolenic acid content in the different lipid classes during the development and ripening of the olive fruit mesocarp, have not been reported so far.
In this work, we have isolated and characterized two new members of the olive o-3 fatty acid desaturase gene family, which code for a microsomal (OepFAD3B) and a chloroplast (OepFAD7-2) o-3 fatty acid desaturase enzyme, respectively. We have also determined the expression levels of olive FAD3 and FAD7 genes and the linolenic acid content in different olive tissues. In addition, analysis of lipids from olive mesocarp at different stages of development and ripening was performed in order to investigate the specific contribution of each gene and to identify the main olive o-3 fatty acid desaturase gene or genes responsible for the linolenic acid content in the olive oil.
Results
cDNA isolation and sequence analysis of olive u-3 fatty acid desaturase genes From the olive expressed sequence tag (EST) database (Muñoz-Mérida et al. 2013) , two contigs were identified with a high degree of similarity to the olive microsomal o-3 fatty acid desaturase OekFAD3A previously reported from cultivar Koroneiki (Banilas et al. 2007) . One of them exhibited near 100% identity to OekFAD3A, while the other one showed a lower degree of similarity. Based on this second contig sequence, a pair of specific primers was designed and used for PCR amplification, together with cDNA corresponding to seeds from green [16 weeks after flowering (WAF)] olive fruits of cultivar Picual. We obtained a full-length cDNA of 1,230 bp that contains an open reading frame (ORF) encoding a predicted protein of 395 amino acid residues, with 91% identity to the previously annotated OekFAD3A sequence (Fig. 1) . This novel olive microsomal o-3 fatty acid desaturase cDNA clone was designated OepFAD3B. The protein had a calculated molecular mass of 45.5 kDa and a pI of 7.88. The OepFAD3B amino acid sequence displayed significant similarity to other known plant FAD3 sequences, exhibiting the highest identity (67%) to the perilla PrFAD3 gene product (AF047039), and suggesting that it is a microsomal o-3 fatty acid desaturase.
In addition, when the same specific pair of primers was used together with cDNA corresponding to seeds or mesocarp from green (16 WAF) and turning (31 WAF) olive fruits of the same cultivar, we obtained a cDNA of the same size except that it contained an extra adenine nucleotide inserted at position 1,072 which changes the reading frame during translation, resulting in a shorter predicted protein due to the presence of a premature stop codon ( Supplementary Fig. S1 ). This truncated protein was designated as OepFAD3B-T and consists of 373 amino acid residues, which corresponds to a calculated molecular mass of 43 kDa and a pI of 9.07. The deduced OepFAD3B-T amino acid sequence showed 90% identity to OepFAD3B described herein, and 84% identity to the previously reported OekFAD3A sequence. In order to investigate the origin of the OepFAD3B-T cDNA clone, we decided to analyze the genomic DNA sequence. Using a specific pair of primers and genomic DNA isolated from olive leaves of cultivar Picual, we amplified a fragment containing the region concerned, which was sequenced in both directions. The genomic DNA sequence did not show the inserted adenine, suggesting that OepFAD3B-T is not an allele of OepFAD3B.
On the other hand, two contigs with a high degree of similarity to the olive chloroplast o-3 fatty acid desaturase gene OekFAD7-1 previously reported from cultivar Koroneiki (Poghosyan et al. 1999) were identified in the olive EST database (Muñoz-Mérida et al. 2013) . One of them exhibited near 100% identity to OekFAD7-1, whereas the second one showed a lower Fig. 1 Comparison of the deduced amino acid sequences of olive o-3 fatty acid desaturase genes. The sequences were aligned using the ClustalX program and displayed with GeneDoc. Identical and similar residues are shown on a background of black and gray, respectively. The sequence of the putative chloroplast transit peptide of OepFAD7-2 is underlined. The eight invariant histidines grouped in three different boxes characteristic for desaturases are indicated by asterisks, and the four hydrophobic regions are denoted by boxes. The cDNA sequences corresponding to OepFAD3B and OepFAD7-2 have been deposited in the GenBank/EMBL/DDBJ database with accession numbers KP893693 and KP893695, respectively. The accession numbers of OekFAD3A and OekFAD7-1 are DQ788673 and DQ788674, respectively. degree of similarity. Based on this second contig sequence, a pair of specific primers was designed and used in PCRs together with cDNA corresponding to turning (31 WAF) mesocarp of cultivar Picual. A full-length cDNA clone of 1,408 bp was obtained, and revealed an ORF encoding a predicted protein of 462 amino acid residues (Fig. 1) , which correspond to a calculated molecular mass of 52.9 kDa and a pI of 7.68. Alignment of its deduced amino acid sequence with that encoded by OekFAD7-1 showed 70% identity. Hence, this novel olive chloroplast o-3 fatty acid desaturase cDNA clone was designated OepFAD7-2. Moreover, the OepFAD7-2 amino acid sequence displayed significant similarity to the known plant FAD7 sequences, exhibiting the highest identity (73%) to the sunflower HaFAD7 gene product (AY254858), and suggesting that it is a chloroplast o-3 fatty acid desaturase.
Analysis of the deduced OepFAD3B protein sequence with targeting prediction tools, such as WolfPSORT and TargetP, did not show any N-terminal transit peptide, and predicted a subcellular localization in the ER. However, as previously described for OekFAD3A (Banilas et al. 2007 ), OepFAD3B lacks not only the C-terminal -KDEL or -KXKXX retrieval motifs that work as a retention signal for integral membrane proteins in the ER, but also the aromatic amino acid-enriched signal at the C-terminal region (Fig. 1) , which has been reported to be both necessary and sufficient for maintaining localization of the enzymes in the ER (McCartney et al. 2004) . Both olive FAD3 proteins may contain unknown alternative ER retrieval motifs at the C-terminal region, as was previously suggested for the soybean FAD3 isoforms (Anai et al. 2005) . Unlike olive FAD3 proteins, when the same targeting prediction programs were used for the OepFAD7-2 sequence, both predicted chloroplast localization for the OepFAD7-2 protein and a 22 amino acid N-terminal transit peptide with the characteristic features of a chloroplast targeting peptide (Fig. 1) , as was previously reported for the OekFAD7-1 protein (Poghosyan et al. 1999) .
Alignment of the deduced amino acid sequences of olive o-3 fatty acid desaturases (Fig. 1) showed that among the conserved amino acids, in the OepFAD3B and OepFAD7-2 sequences were eight conserved histidine residues that have been shown to be essential for desaturase activity (Shanklin et al. 1994) . These invariant residues are arranged in three histidine boxes (HXXXH, HXXHH and HXXHH) with conserved spaces between them (Fig. 1) . These histidine boxes are characteristic of all membrane-bound fatty acid desaturases, and are thought to comprise the catalytic center of the enzyme, since they form ligands to a di-iron cluster in the catalytic site (Shanklin and Cahoon 1998) . In addition, hydropathy plots were generated and four different hydrophobic regions were found (Fig. 1) . The two flanking hydrophobic domains are long enough to span the membrane twice and correspond to the predicted membranespanning domains in desaturase integral membrane protein models. In contrast, the other two are too short, thus they may be single-pass monolayer segments (Shanklin et al. 1994) . Interestingly, OepFAD3B-T also showed the three conserved histidine boxes and four hydrophobic regions ( Supplementary Fig. S1 ).
To elucidate the phylogenetic relationship of the olive o-3 fatty acid desaturase genes, their deduced amino acid sequences were included in a dendrogram representing known and characterized plant o-3 fatty acid desaturase sequences, either microsomal (FAD3) or plastidial (FAD7/8), for comparison (Fig. 2) . Olive FAD3B was positioned in the group corresponding to microsomal o-3 fatty acid desaturases, whereas olive FAD7-2 was grouped with those of plastidial localization.
Functional expression of olive FAD3 genes in S. cerevisiae
To elucidate if the truncated protein OepFAD3B-T encodes an active microsomal o-3 fatty acid desaturase, we decided to overexpress functionally the three olive FAD3 genes mentioned above in Saccharomyces cerevisiae cells. To achieve that, a fulllength cDNA clone corresponding to the olive FAD3A from the cultivar Picual was isolated in the same way as for OepFAD3B and OepFAD3B-T cDNA clones, using cDNA corresponding to seeds from turning (31 WAF) olive fruit, and it was designated OepFAD3A. The OepFAD3A full-length cDNA clone, with a size of 1,277 bp, revealed an ORF encoding a predicted protein of 395 amino acids ( Supplementary Fig. S1 ). Alignment of the deduced OepFAD3A amino acid sequence with that of the olive FAD3 clone from cultivar Koroneiki (Banilas et al. 2007 ) showed 99% identity.
Subsequently, we cloned the corresponding ORFs of the three olive FAD3 genes into the expression vector pYES2 behind the galactose-inducible promoter. Incubation of control yeast, harboring an empty expression vector, in galactose medium supplemented with linoleic acid revealed a high content of this fatty acid (Table 1) , which was not present in the wild-type yeast, showing correct uptake of the supplemented substrate. The fatty acid analysis of the pYES2-OepFAD3A and pYES2-OepFAD3B transformed yeast cells cultured at standard growth temperature (30 C) showed the presence of linolenic acid that was not present either in wild-type yeast or in cells transformed with empty vector (Table 1), indicating that the expression of these two genes is functional, as they code for isoforms capable of desaturating exogenous substrate to produce the corresponding linolenic acid. However, no production of linolenic acid was detected in yeast cells transformed with pYES2-OepFAD3B-T (Table 1) , even though the levels of linoleic acid were similar to those from yeast cells transformed with pYES2-OepFAD3A and pYES2-OepFAD3B, showing that the absence of linolenic acid was not due to the low availability of linoleic acid as substrate.
When transformed yeast cells were grown at 15 C, we observed an increased linolenic acid content in OepFAD3A-and OepFAD3B-expressing yeast cells, in comparison with the standard growth temperature (30 C). However, when a similar experiment was performed with the truncated OepFAD3B-T, no linolenic acid was detected irrespective of the growth temperature ( Table 1 ), indicating that this OepFAD3B-T mRNA, if translated, would give rise to an inactive enzyme. Next, the effect of growth temperature in the interval between 10 and 35 C on the linolenic acid content of S. cerevisiae cells overexpressing active olive FAD3 isoforms was studied (Fig. 3) .
Yeast cells transformed with OepFAD3A and OepFAD3B
showed the highest content of linolenic acid at 20 C, with percentages of linoleic acid to linolenic acid conversion of 21.9% and 12.1%, respectively. At the lowest growth temperature (10 C), the conversion to linolenic acid decreased considerably, to 7.4% for OepFAD3A and to 3.4% for OepFAD3B. However, the lowest levels of linoleic acid desaturation were observed when the transformed yeast cells were Fig. 2 Phylogenetic tree analysis of plant o-3 fatty acid desaturases. Alignments were calculated with ClustalX and the analysis was performed using the Neighbor-Joining method implemented in the Phylip package using Kimura's correction for multiple substitutions, and a 1,000 bootstrap data set. TreeView was used to display the tree. Positions of the olive o-3 fatty acid desaturases are in bold and olive genes isolated in this work are also underlined. Accession number of the different o-3 fatty acid desaturases included in this analysis apart from olive: Aleuritis fordii (AfFAD3, AJ110004); Arabidopsis thaliana (AtFAD3, D26508; AtFAD7, D14007; AtFAD8, L27158); Brassica napus (BnFAD3, L01418; BnFAD7, FJ985690); Brassica oleracea (BoFAD3-1, JX866747; BoFAD3-2, JX866748); Betula pendulata (BpFAD3, AY135566; BpFAD7, AY135565; BpFAD8, AY135564); Capsicum annuum (CaFAD7, AF222989); Chlamydomonas reinhardtii (CrFAD7, EF110555); Descurainia sophia (DsFAD3, EF105162; DsFAD7, EF105163; DsFAD8, EF105164); Glycine max (GmFAD3A, AY204710; GmFAD3B, AY204711; GmFAD3C, AY204712; GmFAD7-1, L22965; GmFAD7-2, NM_001250432; GmFAD8-1, FJ393229; GmFAD8-2, BT093448); Helianthus annuus (HaFAD7, AY254858); Jatropha curcas (JcFAD3, EU267121); Linum glandiflorum (LgFAD3A, AB457842; LgFAD3B, AB457843); Linum usitatissimum (LuFAD3A, DQ116424; LuFAD3B, DQ116425); Lycopersicon esculentum (LeFAD3, EU251190; LeFAD7, AY157317); Nicotiana tabacum (NtFAD3, D26509; NtFAD7, D79979); Perilla frutescens (PrFAD3, AF047039); Petroselinum crispum (PcFAD7, U75745); Phaseolus lunatus (PlFAD3, HQ171180); Populus tomentosa (PtFAD3, DQ354393); Ricinus comunis (RcFAD7, L25897); Sapium sebiferum (SsFAD3, EF044310); Vigna unguiculata (VuFAD3, EU180594; VuFAD7, EU180596; VuFAD8, EU180595); Zea mays (ZmFAD7, D36952).
grown at 35 C, with the percentage conversion decreasing to 1.3% for both OepFAD3A and OepFAD3B.
Tissue specificity and developmental expression of olive u-3 fatty acid desaturase genes
To investigate the physiological role of the four olive o-3 fatty acid desaturase genes (FAD3A, FAD3B, FAD7-1 and FAD7-2), we measured their steady-state transcript levels and determined the linolenic acid content in tissues from Picual and Arbequina cultivars characterized by a highly active lipid biosynthesis (Fig. 4) . In particular, we studied young leaves, where the biosynthetic machinery is directed toward the synthesis of membrane lipids, largely represented by galactolipids; developing seeds, with a high rate of accumulation of storage lipids; mesocarp tissue, which possesses both active chloroplasts, where the lipid biosynthesis of the thylakoid membranes takes place and a high accumulation of TAGs which are the major components of the olive oil; and finally young drupes, which can be considered a tissue with characteristics intermediate between those of leaves and mesocarp. As shown in Fig. 4A , the highest levels of linolenic acid were found in young leaves from both cultivars, followed by young drupes and mesocarp at the beginning of development. When the expression levels of olive o-3 fatty acid desaturase genes were analyzed in the above-mentioned tissues from Picual and Arbequina cultivars (Fig. 4B) , it was observed that the FAD3A gene was highly expressed in seeds and young leaves whereas its transcript was almost undetectable in mesocarp tissue. In contrast, FAD3B expression levels were very low in all tissues studied. On the other hand, the FAD7-1 gene showed high transcript levels in young drupe, mesocarp and young leaves, being very low in seeds, whereas the expression levels of FAD7-2 were low in all tissues studied. When comparing the expression pattern of o-3 fatty acid desaturase genes between Picual and Arbequina cultivars, Picual tissues always showed higher expression levels than those from Arbequina.
In order to identify the olive o-3 fatty acid desaturase gene or genes that mainly contribute to the linolenic acid content of the olive fruit and, therefore, of the olive oil, we measured their expression levels and the linolenic acid content in the mesocarp tissue and seeds from Picual and Arbequina cultivars at different times during olive fruit development and ripening (Fig. 5) . The content and evolution of linolenic acid were very similar in the mesocarp tissue of both cultivars (Fig. 5A) . After the lignification of the stone, when proper and differentiated seed and mesocarp tissues appear and TAG biosynthesis and accumulation start in both tissues, the levels of linolenic acid in mesocarp were about 1.5 mg (g DW)
À1
, and then increased during mesocarp development, reaching a maximum at the onset of ripening and maintaining these levels during fruit ripening. The analysis of gene expression levels (Fig. 5B) showed that FAD3A and FAD3B transcripts were very low at the beginning of mesocarp development in both cultivars and decreased at 16 WAF, being undetectable during the rest of fruit development and ripening. On the other hand, the expression levels of FAD7-1 and FAD7-2 genes at the beginning of mesocarp development 17.6 ± 0.5 2.7 ± 0.0 7.6 ± 0.6 1.9 ± 0.1 70.1 ± 1.0 ND 15 12.0 ± 0.4 3.0 ± 0.0 9.9 ± 0.1 3.3 ± 0.3 71.8 ± 1.1 ND pYES2-OepFAD3A 30 17.4 ± 0.6 3.8 ± 0.4 6.6 ± 0.0 9.1 ± 0.8 60.6 ± 7.5 2.5 ± 0.3 15 12.3 ± 0.2 3.2 ± 0.1 8.8 ± 0.1 3.8 ± 0.0 57.8 ± 0.3 14.0 ± 0.2 pYES2-OepFAD3B 30 16.4 ± 0.4 2.5 ± 0.1 6.6 ± 0.4 2.5 ± 0.6 68.9 ± 1.5 3.1 ± 0.0 15 11.7 ± 0.6 2.6 ± 0.3 7.7 ± 0.1 5.4 ± 3.5 67.5 ± 2. (filled circles) and pYES2-OepFAD3B (filled triangles) were grown at the indicated temperatures. After reaching the stationary phase, yeast cells were harvested and the fatty acid composition was determined in whole cells as described in the Materials and Methods. Data are the mean ± SD from three independent experiments. Conversion of linoleic acid to linolenic acid was calculated as 18:3/(18:2 + 18:3)Â100.
were higher than that observed for FAD3 genes. In addition, these levels increased during ripening in both cultivars. A similar study was conducted in developing seeds (Fig. 6) . In this tissue, the linolenic acid content at 16 WAF was lower than in mesocarp and also decreased after 24 WAF, being undetectable in the last stages of fruit development and ripening (Fig. 6A) . The expression analysis of olive FAD3 genes revealed that while FAD3A was highly expressed in developing seeds especially during fruit ripening, FAD3B transcripts were very low throughout seed development in both cultivars (Fig. 6B) . On the other hand, the expression levels of FAD7 genes were low and practically constant during seed development in both cultivars.
Lipid analysis of Arbequina olive fruit mesocarp during development and ripening
In the olive fruit, TAG accumulation takes place in two different tissues, the mesocarp and the seed. In order to study the contribution of both tissues to the linolenic acid content of the olive oil, we analyzed the fatty acid composition of oils obtained from mesocarp tissue, seed and the whole fruit of cultivar Arbequina at the turning stage (31 WAF), which is a representative moment for olive fruit harvesting to produce olive oil. We observed that the fatty acid composition of oils obtained from the whole fruit was more similar to that of the oil from the mesocarp than that from the seed ( Table 2 ). In particular, the linolenic acid content in the mesocarp was comparable with that in the oil obtained from the whole fruit, whereas this fatty acid was not detected in seeds from olive fruit at the turning stage. These data indicate that the fatty acid composition of the mesocarp has a large role in determining the fatty composition of the olive oil, even for the low linolenic acid content.
The linolenic acid present in the olive fruit mesocarp and, therefore, in the olive oil is accumulated in TAGs, which are synthesized in the ER and stored in lipid droplets in the cytosol. To investigate further the metabolic origin, microsomal and/or plastidial, of the linolenic acid present in TAGs of olive fruit mesocarp and olive oil, we analyzed the lipid composition from mesocarp tissue of cultivar Arbequina at different stages of development and ripening (Table 3) , specifically when the olive fruit is completely green (16 WAF), when the olive fruit is yellowish (23 WAF), at the onset of ripening when the olive fruit is turning from green to purple (31 WAF) and finally when the olive fruit is completely purple and matured (35 WAF). We observed that the content of total lipids increased during mesocarp development and ripening in parallel to the increase in the lipids involved in the Kennedy pathway, such as phosphatidic acid (PA), DAG and TAG, whereas the amount of phospholipids and galactolipids remains practically constant. The fatty acid composition of the different lipid classes in developing mesocarp from Arbequina was also determined and showed an increase in linolenic acid content in the non-polar lipids DAG and TAG, reaching 0.013 and 0.79 mg (mg FW) À1 at 35 WAF, respectively (Fig. 7A) . However, the linolenic acid content in the polar lipids PA, MGDG and DGDG decreased considerably during mesocarp development and ripening, being undetectable at 35 WAF in the galactolipids (Fig. 7B) . Linolenic acid was not detected in the rest of the polar lipids analyzed: phosphatidylcholine (PC), phosphatidylethanolamine, phosphatidylinositol and phosphatidylserine.
Discussion
In this work we have isolated and characterized two novel o-3 fatty acid desaturase genes from olive. Sequence analysis shows that both deduced amino acid sequences contain the three histidine boxes characteristic of all membrane-bound desaturases (Fig. 1) , and indicates that they code for microsomal (OepFAD3B) and chloroplast (OepFAD7-2) o-3 fatty acid desaturase enzymes, different from the previously reported OekFAD3A and OekFAD7-1 genes (Poghosyan et al. 1999 , Banilas et al. 2007 ). Phylogenetic analysis (Fig. 2) of the two novel olive o-3 fatty acid desaturase genes revealed that OepFAD3B is positioned in the group corresponding to FAD3 proteins including OekFAD3A (Banilas et al. 2007 ), whereas OepFAD7-2 is grouped with other FAD7/8 proteins as well as OekFAD7-1 (Poghosyan et al. 1999 ). According to the phylogenetic tree, olive chloroplast o-3 fatty acid desaturases do not segregate together, in contrast to OekFAD3A and OepFAD3B that appeared to be very closely related. Interestingly, FAD7 sequences are more closely related to FAD8 within the same species than to FAD7 from other species, and, therefore, they are not clustered in two different subgroups. For that reason, it is not possible to determine based in the dendrogram (Fig. 2) whether the novel olive chloroplast o-3 fatty acid desaturase encodes an FAD7 or FAD8 protein. Since FAD8 genes from Arabidopsis and maize are only expressed at low temperatures (Gibson et al. 1994 , Berberich et al. 1998 ) and taking into account that the cDNA used in this work to isolate the new chloroplast o-3 fatty acid desaturase gene was obtained from olive fruit grown at standard temperatures, it is likely that the chloroplast o-3 fatty acid desaturase gene isolated in this study corresponds to an FAD7. Therefore, it has been named OepFAD7-2. A similar reasoning has been previously reported for the olive FAD7-1 gene (Poghosyan et al. 1999) .
In order to study the functionality of ER desaturases, S. cerevisiae has been proven to be a suitable heterologous expression system (Reed et al. 2000) . It has a very simple fatty acid profile and provides a eukaryotic ER, and Cyt b 5 and cytochrome b 5 reductase as electron donors. However, yeast cells are not suited for overexpression of plastidial desaturases as they require electron transport chains from the chloroplast (Shanklin and Cahoon 1998) . In particular, S. cerevisiae cells have been used successfully for functional expression of several plant microsomal o-3 fatty acid desaturases such as those from oilseed rape (Reed et al. 2000 , Dyer et al. 2001 or soybean (Román et al. 2012) . Therefore, we decided to use the yeast system to confirm the functional identity of olive microsomal o-3 fatty acid desaturase clones FAD3B and FAD3B-T isolated in this work, as well as FAD3A previously isolated and characterized (Banilas et al. 2007) , since its functional identity has not been established. The presence of linolenic acid in the yeast cells transformed with olive FAD3A and FAD3B genes and supplemented with linoleic acid demonstrates their functional expression and confirms that both genes code for microsomal o-3 fatty acid desaturases ( Table 1) . It has been reported that the desaturation in the cultures is not limited by linoleic acid levels unless they decrease below 7% (Reed et al. 2000) . Since in this study the percentage of linoleic acid was always >50% (Table 1) , the rate of incorporation of exogenous linoleic acid was not a major factor affecting the accumulation of linolenic acid.
As previously reported for other plant FAD3 genes such as those from oilseed rape (Dyer et al. 2001) , tung , soybean (Román et al. 2012) or Jatropha curcas (Wu et al. 2013 ), a temperature-dependent content of linolenic acid in S. cerevisiae cells expressing olive FAD3 genes is observed (Fig. 3) . A similar behavior for linoleic acid in S. cerevisiae cells transformed with plant FAD2 genes has been attributed to changes in the desaturase activity due to the thermal stability of the enzyme Reed 1996, Sánchez-García et al. 2004) . The comparable patterns of temperature-dependent conversion of linoleic acid to linolenic acid in transformed S. cerevisiae cells exhibited by OepFAD3A and OepFAD3B (Fig. 3) indicates analogous thermal stabilities for both olive FAD3 isoforms.
In addition to OepFAD3B, we have detected in all tissues studied in this work an identical cDNA clone except that it exhibited an extra adenine nucleotide. The putative resulting truncated protein, named OepFAD3B-T, has been proven to be inactive in yeast (Table 1) . In other plant species, several truncated FAD3 proteins are inactive when they are overexpressed in yeast, such as those described in flax (Vrinten et al. 2005 , Radovanovic et al. 2014 and Brassica oleracea (Singer et al. 2014 ) obtained by mutagenesis, or in soybean produced by alternative splicing (Román et al. 2012) . In all of them, the third His box located in the C-terminal region is missing. Since the three His boxes present in membrane-bound fatty acid desaturases have been demonstrated to be critical for enzyme activity, this could explain the lost of functionality. However, this is not the case for OepFAD3B-T ( Supplementary Fig. S1 ), or the truncated mutant proteins FAD3-1a and FAD3-1b in low linolenic soybean seeds (Anai et al. 2005) , which possess the three His boxes. In this case, the reason why OepFAD3B-T protein does not exhibit enzymatic activity in yeast could be the absence of critical amino acid residues present in the C-terminal region of the protein, which are involved either in the active site or in maintaining the active conformation of the enzyme. Additionally, the truncated protein may miss its localization in the ER. Nevertheless, the nature of the genetic alteration of the OepFAD3B-T gene remains unclear, since it is not produced by mutagenesis or alternative splicing. Khadake et al. (2011) reported the characterization 19 ± 3.38 0.02 ± 0.00 0.02 ± 0.01 0.11 ± 0.01 0.03 ± 0.00 0.09 ± 0.00 0.03 ± 0.00 0.06 ± 0.00 44.31 ± 3.37 23 1.08 ± 0.14 85.10 ± 2.82 0.02 ± 0.00 0.02 ± 0.00 0.10 ± 0.01 0.02 ± 0.00 0.08 ± 0.03 0.02 ± 0.00 0.04 ± 0.01 86.48 ± 2.68 31 1.43 ± 0.04 116.90 ± 6.28 0.02 ± 0.00 0.02 ± 0.00 0.10 ± 0.01 0.03 ± 0.00 0.12 ± 0.02 0.03 ± 0.00 0.05 ± 0.00 118.69 ± 6.35 35 1.92 ± 0.14 101.15 ± 2.78 0.05 ± 0.01 0.05 ± 0.00 0.11 ± 0.02 0.04 ± 0.01 0.22 ± 0.12 0.03 ± 0.00 0.04 ± 0.00 103.60 ± 2.84 DAG, diacylglycerol; TAG, triacylglycerol; PI, phosphatidylinositol; PS, phosphatidylserine; PC, phosphatidylcholine; PE, phosphatidylethanolamine; PA, phosphatidic acid; DGDG, digalactosyldiacylglycerol; MGDG, monogalactosyldiacylglycerol. Data are the mean ± SD from three determinations. of sequence variants of the FAD3 gene from wild-type flax, which were functional when overexpressed in yeast. The source of the genetic variation of wild-type flax FAD3 genes is also unclear, although these authors partly attributed it to errors during the PCR amplification of the gene or to the retrotranscriptase enzyme used to synthesize the cDNA. This explanation is also quite unlikely in the case of the olive FAD3B-T gene since we used a DNA polymerase with proofreading activity for the PCR amplification, and we have isolated the same fragment from different types of cDNA such as single-stranded cDNA or a cDNA library, that were obtained from a diverse range of olive samples including different tissues and cultivars. Furthermore, the possibility of a null allele can be discarded because we could not detect the modified sequence in the olive genome. In order to elucidate the physiological role of olive o-3 fatty acid desaturases, we have determined their expression levels and the linolenic acid content in different olive tissues characterized by a highly active lipid biosynthesis (Fig. 4) . Olive FAD3A, FAD3B, FAD7-1 and FAD7-2 genes were expressed in all studied tissues, although at different levels, showing their spatial regulation. Unlike olive FAD3A, where transcripts were highly abundant in seeds and young leaves, FAD3B expression levels were very low in all tissues studied from both cultivars. These results are in agreement with those reported in soybean, where one of the three FAD3 genes isolated was predominantly expressed in developing seeds (Bilyeu et al. 2003 , Anai et al. 2005 , Andreu et al. 2010 . Expression of the FAD3 gene has also been detected previously in other fruit such as tomato (Yu et al. 2009 ). On the other hand, both olive FAD7 genes were expressed mostly in young drupe, mesocarp and young leaf. This result is consistent with the expected role of FAD7 in the chloroplast and correlates with the linolenic acid levels found in these tissues. As young leaves, olive young drupes and green mesocarp are characterized by containing a large number of photosynthetically active chloroplasts (Sánchez 1994) , where FAD7 plays a central role in the production of a large amount of linolenic acid required for biogenesis of thylakoid membranes (Horiguchi et al. 1998 ). Not only olive FAD7 genes, but also the olive FAD3A gene showed high expression levels in young leaves, similar to the expression pattern exhibited by FAD3 genes in other plant species (Yadav et al. 1993 , Hamada et al. 1994 , Tang et al. 2007 , Niu et al. 2008 . It has been hypothesized that the high expression of FAD3 during early plant development is correlated with active membrane biogenesis, which is required for cell division (Horiguchi et al. 1998 , Matsuda et al. 2001 . Supporting this idea, it has been shown that soybean FAD3A and FAD3B genes decrease their transcript levels with leaf development (Lagunas et al. 2013) . Notably, although linolenic acid content is similar in young leaves from both cultivars, FAD3A and FAD7-1 gene expression levels are lower in Arbequina than in Picual, suggesting that additional post-transcriptional regulatory mechanisms could operate in this latter cultivar.
Fatty acid analysis, together with the determination of the olive o-3 fatty acid desaturase gene expression levels, were performed during fruit development and ripening to identify which o-3 fatty acid desaturase could be responsible for the linolenic acid content in the mesocarp and the seed of olive fruit and, therefore, in the olive oil. While the expression levels of the olive FAD3 genes were negligible during mesocarp development, being undetectable during fruit ripening, both olive FAD7 genes were highly expressed in the mesocarp, with an increase at the onset of ripening in Picual and Arbequina cultivars (Fig. 5B) . Similar expression patterns for olive FAD3A and FAD7-1 genes have been previously observed in the mesocarp tissue from cultivars Koroneiki (Poghosyan et al. 1999 , Banilas et al. 2007 , and Canino, Frantoio and Moraiolo (Matteucci et al. 2011) . On the other hand, FAD3A transcripts in olive seeds were more abundant than the rest of the olive o-3 fatty acid desaturases, with high levels at the beginning of seed development and an increase during fruit ripening (Fig. 6B) . All these data reveal a temporal regulation of olive o-3 fatty acid desaturase genes during fruit development and ripening, and suggest differential physiological functions for FAD3 and FAD7. As reported in oilseed crops, FAD3 genes, and in particular FAD3A, could contribute mainly to the linolenic acid content of the seed. In contrast, FAD7-1 and FAD7-2 genes could be the main genes responsible for the linolenic acid content in the mesocarp. Because the fatty acid composition of the whole fruit oil is similar to that of mesocarp oil, with a minor contribution of the seed ( Table 2 ; Ranalli et al. 2002) , we could suggest that FAD7-1 and FAD7-2 are mainly responsible for the synthesis of the linolenic acid present in virgin olive oil.
Interestingly, Hernández et al. (2009) reported that whereas FAD2-1 and FAD2-2 could be involved in the biosynthesis of linoleic acid in the olive seed, FAD2-2 could be responsible for the linoleic acid content in the mesocarp in Picual and Arbequina cultivars. Thus, it is likely that microsomal fatty acid desaturases FAD2-1, FAD2-2 and FAD3A are responsible for linoleic and linolenic acid production in olive seeds, while in the mesocarp linoleic acid is synthesized in the ER by FAD2-2, imported into the chloroplast where it is desaturated to linolenic acid by plastidial o-3 fatty acid desaturases FAD7-1 and FAD7-2, and then exported to the ER again to be incorporated to TAG.
To investigate further the involvement of FAD7 in the linolenic acid content of olive fruit mesocarp and olive oil, we have also analyzed the lipid composition of mesocarp tissue from cultivar Arbequina at different stages of development. While the linolenic acid content in TAG increased during mesocarp development and ripening (Fig. 7A) , in galactolipids such as MGDG or DGDG this fatty acid decreased considerably, being undetectable in mature mesocarp (Fig. 7B) . These results, together with the fact that linolenic acid was not detected in PC, or in other microsomal phospholipids, would be in agreement with the hypothesis that the linolenic acid of the olive mesocarp present mostly in TAG is mainly synthesized in the chloroplast. In addition, these data are also consistent with previous results reported by our group using olive callus cultures which showed that FAD7 activity is much higher than that of FAD3, indicating that chloroplasts are the preferred site for linoleic acid desaturation (Hernández et al. 2008) . Therefore, also taking into account that olive is an '18:3 plant', which are deprived of the plastidial prokaryotic pathway of biosynthesis of galactolipids with the corresponding absence of hexadecatrienoic acid (16:3) (Mongrand et al. 1998) , we could postulate that in olive fruit mesocarp oleic acid synthesized in the chloroplast is primarily exported to the ER where it is desaturated mainly as oleoyl-PC to linoleoyl-PC by the action of FAD2-2 (Hernández et al. 2009) . Linoleic acid could then be transferred to the chloroplast where the olive FAD7-1 and FAD7-2 catalyze the desaturation of linoleoyl-galactolipids to produce linolenoyl-galactolipids. Finally, linolenic acid is exported again to the ER to be incorporated to TAG.
The bidirectional transfer of lipids between the ER and the chloroplast has been widely reported, since mutations affecting fatty acid desaturases located exclusively in one compartment or the other have an effect on the fatty acid composition of both ER and chloroplast membranes (Sommerville and Browse 1996) . The transfer of lipids between the chloroplast and the ER in both directions has been described not only in '16:3 plants' such as Arabidopsis, but also in "18:3 plants" such as birch. Specifically, in birch leaves exposed to low temperatures, the linolenic acid content of extrachloroplast lipids increases even though the expression level of the FAD3 gene remains very low, suggesting the involvement of chloroplast rather than microsomal o-3 fatty acid desaturases (Martz et al. 2006) . Although the molecular mechanism of this lipid exchange still remains unclear, trigalactosyldiacylglycerol (TGD) proteins have been described to be involved in this process in Arabidopsis (Benning 2009 ). However, the role of TGD proteins is limited to plastid import, but does not extend to lipid export from the plastid to extraplastidic membranes (Xu et al. 2010) . In a recent study, two activities of long-chain acyl-CoA synthetase (LACS4 and LACS9) have been shown to be involved in linoleic acid import into the plastid from the ER (Jessen et al. 2015) . In addition, the intracellular trafficking of lipids has been proved to be essential for membrane proliferation, organelle biogenesis and cell growth (Li-Beisson et al. 2013) , indicating that additional mechanisms of lipid transport between the ER and chloroplast must be operating. Therefore, it is still an open question how, in oil fruit mesocarp, the chloroplast o-3 fatty acid desaturases can provide linolenic acid to the storage lipid TAG, which is synthesized in the ER.
In conclusion, we have isolated and characterized two new members of the olive o-3 fatty acid desaturase gene family. Sequence analysis indicates that they code for a microsomal (OepFAD3B) and a chloroplast (OepFAD7-2) o-3 fatty acid desaturase enzyme, respectively. The identity of olive FAD3A and FAD3B genes was confirmed by functional expression in yeast, with both proteins showing a temperature-dependent conversion of linoleic to linolenic acid. Gene expression profiling and lipid analysis in olive fruit during development and ripening identify FAD3A as the main gene responsible for the linolenic acid content in TAG of the seed, whereas FAD7-1 and FAD7-2 contribute mainly to the linolenic acid present in TAG of the mesocarp and, therefore, in the olive oil. These results, together with the major role of FAD2-2 in linoleic acid production in olive fruit mesocarp (Hernández et al. 2009 ), support a co-ordinated action of microsomal and chloroplast fatty acid desaturases in determining the level of linolenic acid in extrachloroplastic membrane and storage lipids. Furthermore, all these data highlight the importance of dynamic lipid trafficking, not only in oilseeds and leaves as has been described before, but also in photosynthetic tissues that accumulate TAG, such as the mesocarp of olive fruit. However, the mechanisms involved in the transport of fatty acids across the chloroplast membrane remain to be completely elucidated.
Materials and Methods

Plant material
Olive (Olea europaea cv. Picual and Arbequina) trees were grown in the experimental orchard of Instituto de la Grasa, Seville (Spain), with drip irrigation and fertirrigation (irrigation with suitable fertilizers in the solution) from the time of full bloom to fruit maturation. Young drupes, developing seeds and mesocarp tissue were harvested at different times after blooming, corresponding to different developmental stages of the olive fruit, frozen in liquid nitrogen and stored at -80 C. Young leaves were collected similarly. The DW was determined by incubating 25 g of olive fruit in the case of mesocarp tissue or 0.5 g of seeds at 110 C until constant weight.
Isolation of u-3 fatty acid desaturase full-length cDNA clones
Candidate olive FAD3 and FAD7 sequences were found in the olive EST database (Muñoz-Mérida et al. 2013 ) using the tblastn algorithm. Based on these sequences, specific pairs of primers for each gene were designed and utilized for PCR amplification with ACCUZYME TM DNA polymerase (Bioline), which has proofreading activity. An aliquot of cDNA synthesized using RNA isolated from different olive tissues of cultivar Picual, or of an olive Uni-ZAP XR cDNA library constructed with mRNA isolated from olive fruit of cultivar Picual at 13 WAF (Haralampidis et al. 1998) , was used as DNA template. One fragment with the expected size was generated in each reaction, subcloned into the vector pSpark Õ I (Canvax, Spain) and sequenced in both directions.
DNA sequence determination and analysis DNA sequence determination was performed by SECUGEN (Spain). The DNA sequence data were compiled and analyzed with the LASERGENE software package (DNAStar). Hydropathy plots were generated by the method of Kyte and Doolittle (1982) . The multiple sequence alignments of olive o-3 fatty acid desaturase amino acid sequences were calculated using the ClustalX program and displayed with GeneDoc. Phylogenetic tree analysis was performed using the Neighbor-Joining method implemented in the Phylip package using Kimura's correction for multiple substitutions and a 1,000 bootstrap data set. TreeView was used to display the tree. Subcellular localization was predicted using two different programs: Wolf PSORT (http://wolfpsort.org/) and TargetP (http://www.cbs.dtu.dk/services/TargetP/).
Total RNA extraction and cDNA synthesis
Total RNA isolation was performed as described by Hernández et al. (2005) using 1-2 g of frozen olive tissue collected from at least three different olive trees. RNA quality verification, removal of contaminating DNA, and cDNA synthesis were carried out according to Hernández et al. (2009) .
Quantitative real-time PCR (qRT-PCR)
Gene expression analysis was performed by qRT-PCR as previously described (Hernández et al. 2009 ). Primers for gene-specific amplification (Supplementary Table S1 ) were designed using the Primer3 program (http://bioinfo.ut.ee/primer3/). The housekeeping olive ubiquitin2 gene (OeUBQ2, AF429430) was used as an endogenous reference for normalization (Hernández et al. 2009) . The relative expression level of each gene was calculated using the equation 2 -ÁC T where ÁCT = (CT GOI -CT UBQ2 ) (Livak and Schmittgen 2001, Pfaffl 2005 ). This method gave us the advantage of making comparisons of the level of gene expression across developmental stages, cultivars and genes. The data are presented as means ± SD of three reactions performed in different 96-well plates, each having two replicates in each plate.
Functional expression of olive FAD3 genes in S. cerevisiae
The corresponding ORFs of the olive FAD3 genes were amplified by PCR using ACCUZYME TM DNA polymerase and the following pairs of primers: LH104 (5 0 -TTGGATCCACACAATGGCTATAGGTTTGAGCCA-3 0 ) and LH105 (5 0 -CGGCT CGAGTCCTAAGAGAGTTGTGCATC-3 0 ) for OepFAD3A; LH106 (5 0 -TTGGATCC ACACAATGGCCATAGGTTTAAGTCAT-3 0 ) and LH107 (5 0 -CGGCTCGAGCTT CATTAATGCTTCTTACC-3 0 ) for OepFAD3B; and LH106 and LH108 (5 0 -CGGCT CGAGTCTCAATAGAGTGGTGAATCC-3 0 ) for OepFAD3B-T. For directional ligation behind the inducible GAL1 gene promoter of the yeast expression vector pYES2 (Invitrogen), the primers were extended by a BamHI (in the forward primer) and a XhoI (in the reverse primer) restriction site (underlined). The resulting PCR product for each specific olive FAD3 gene was double digested with BamHI and XhoI, and ligated into the digested destination vector. All constructs were checked by sequencing. Transformation of S. cerevisiae strain UTL-7A with the corresponding plasmids, yeast cell growth and induction of gene expression were performed as previously described (Román et al. 2012 ).
Lipid analysis
Olive fruit mesocarp tissue was heated at 70 C for 30 min with isopropanol to inactivate endogenous lipase activity. Lipids were extracted as described by Hara and Radin (1978) and lipid separation was carried out by thin-layer chromatography (TLC) (Hernández et al. 2008) . Fatty acid methyl esters of the different olive tissues and lipid preparations were produced by acid-catalyzed transmethylation (Garcés and Mancha 1993) and analyzed by gas chromatography (Román et al. 2012) . Heptadecanoic acid was used as internal standard to calculate the lipid and fatty acid content in the samples. Results are expressed either in mol% of the different fatty acids or in mg of linolenic acid (g DW)
À1
, and are presented as means ± SD of three independent determinations.
Total lipid content and fatty acid composition of whole yeast cells were determined using the one-step method of Garcés and Mancha (1993) . Fatty acid methyl esters were analysed by gas chromatography as described above.
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Supplementary data are available at PCP online. 
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